We have designed and characterized a MEMS-based Fabry-Perot device (MFPD) to measure vibration at high temperatures. The MFPD consists of a micromachined cavity formed between a substrate and a top thin film structure in the form of a cantilever beam. When affixed to a vibrating surface, the amplitude and frequency of vibration are determined by illuminating the MFPD top mirror with a monochromatic light source and analyzing the back-reflected light to determine the deflection of the beam with respect to the substrate. Given the device geometry, a mechanical transfer function is calculated to permit the substrate motion to be determined from the relative motion of the beam with respect to the substrate. Because the thin film cantilever beam and the substrate are approximately parallel, this two-mirror cavity arrangement does not require alignment or sophisticated stabilization techniques. The uncooled high-temperature operational capability of the MFPD provides a viable low-cost alternative to sensors that require environmentally controlled packages to operate at high temperature. The small size of the MFPD (85-175 µm) and the choice of materials in which it can be manufactured (silicon nitride and silicon carbide) make it ideal for high-temperature applications. Relative displacements in the sub-nanometer range have been measured and close agreement was found between the measured sensor frequency response and the theoretical predictions based on analytical models.
Introduction
MEMS sensors for harsh environments are recognized as essential for reducing weight and volume, in strategic market sectors such as automotive, aerospace, communications, oil-well/logging equipment, turbomachinery, and nuclear power [1, 2] . Typical temperatures for the automotive and aerospace systems range from 200
• C to 600
• C. Higher temperatures up to and above 900
• C can be found in extremely harsh environments, such as turbine engines, nuclear power generators, etc. Silicon (Si) is well suited for the development of a wide range of MEMS sensing elements. However, conventional Si-based MEMS sensors containing pn-junctions suffer from severe performance degradation and failure above 200
• C due to excessive leakage currents [2] . Presently, when the environment temperature is too high, the electronics must reside in cooler areas, either remotely located or actively cooled. The additional weight, in the form of longer wires, more connectors, and/or bulky and expensive cooling systems, adds undesired size and weight to the system. It also increases complexity and potential for failure. MEMS sensors that can be placed closer to the ultimate point of use will reduce weight, decrease interconnection complexity and improve machine reliability [1, 2] . Recent innovations use silicon-on-insulator (SOI) technologies to overcome the problem of excessive leakage currents by minimizing the device junction areas. However, this technology only enables the operation of the sensors only up to 250
• C [3] . A promising approach for operating temperatures above 350
• C is the use of silicon carbide (SiC) due to its excellent mechanical and thermal stability and its wide band gap for stable electronic properties [4] [5] [6] [7] [8] [9] . Many SiC MEMS sensors rely on the use of piezoresistive sensors [4, 5] . However, sensors that use this kind of structure have a drawback of relatively low sensitivity and suffer from contact resistance variation at elevated temperatures, making the contact resistance very difficult to distinguish from the piezoresistance changes [4, 5] . SiC capacitive sensors are attractive for high-temperature sensing [6, 7] due to small temperature dependence. However, capacitive sensor performance is prone to parasitic capacitances associated with the wiring and electrical setup. Hence, conversion to a passive or wireless sensing scheme is an attractive alternative for hightemperature applications.
An economical way to deal with higher temperatures and other aggressive environmental conditions is to build the MEMS sensors out of robust materials. These materials should exhibit high thermal, chemical and mechanical stability and, for economic reasons, should facilitate easy integration with standard silicon micromachining. For example, hightemperature MEMS sensors have been developed using Si as the substrate material and LPCVD silicon nitride, polysilicon and LTO (low temperature oxide) thin films as the sensing material [8] . SiC has also been used as the sensing material for pressure sensors [6, 7] , accelerometers [4] , resonators [9] and humidity sensors [10] . The thermal, mechanical and optical properties [6] [7] [8] [9] [10] [11] [12] of these materials permit their combination with silicon substrates to form non-intrusive and robust MEMS structures that can be exposed to high temperatures with minimum packaging. In addition, their integration with noncontact optical interferometric techniques [13] [14] [15] [16] permits the design of passive micro-opto-electromechanical systems (MOEMS) suitable for localized precision measurements in harsh environments at temperatures up to 600
• C, which is where the good mechanical properties of Si start to deteriorate as it becomes easily plastically deformable [2, 17] .
In this paper, we report on the details of a micromachined Fabry-Perot device (MFPD) suitable for high-temperature applications that can be easily integrated with standard silicon micromachining techniques. A cantilever beam fabricated in low-stress silicon-rich LPCVD nitride (Si x N y ) forms the top mirror for the Fabry-Perot interferometer while the silicon substrate below provides the bottom mirror (see figure 1 ). These two mirrors form an optical microcavity for a monochromatic laser beam incident at the top. For this cavity arrangement, the total interferometric light backreflected from the MFPD depends on the height of the optical microcavity or air gap, h. When the substrate vibrates, there is a relative deflection of the cantilever beam with respect to the substrate and hence a change in the microcavity height. If the mechanical characteristics of the device are known, the amplitude of the substrate motion can be calculated by measuring the back-reflected light. It should be noted that optical microcavities formed with microbridges of highly reflective metal layers have been used before to determine small displacements [14, 15] . In this work, however, we present the design, fabrication, testing, and optical and mechanical characterization of a simple non-intrusive vibration sensor that can be used for hightemperature operation. It is based on the MFPD and uses a simple non-contact interferometric optical readout of the deflection of the cantilever beam. Cantilever beams have advantages over bridge structures because the lowest natural frequency is 16% of a bridge with the same dimensions, allowing measurement of lower frequencies. Also residual stresses do not significantly affect the resonant frequency of cantilevers [24] , but do change the resonant frequency of a bridge operating at high temperatures [7] .
Although the principle of operation of this sensor system is simple, its practical realization requires carefully addressing several issues that arise from the combination of micro-scale devices and mechanical-electro-optical systems. Section 2 of this paper details the fabrication process. Section 3 continues with the description of the main aspect of the design and working principle of the MFPD. Two analytical models, optical and mechanical, are also described to explain the operation of the device. The optical setup for the measurement of the optical interferometric signal is described in section 4.1. The mechanical setup for the measurement of the MFPD frequency response is described in section 5.1. Sections 4.2 and 5.2 compare the experimental results obtained for MFPD cantilever beams fabricated in LPCVD silicon nitride to the analytical models. The sensitivity, noise, resolution and temperature dependence of the MFPD sensor are discussed in section 6. The conclusions are the subject of section 7.
Fabrication

Fabrication process flow
Devices of the type shown in figure 1 were fabricated using Si x N y in order to study the frequency response of the FabryPerot sensors. The fabrication process flow is shown in figures 2(a)-(e). It began with a 3-inch diameter, 400 µm thick, polished n-type 1 0 0 silicon wafer (1-10 cm
resistivity) used as the substrate. The polished surface of the wafer provides a smooth, highly reflective surface for the bottom mirror of the MFPD. A wet thermal oxidation at 1100
• C is performed next to form the air gap of the MFPD and to provide the sacrificial layer for the release process. Various oxide thicknesses (1, 1.5, 2 and 2.5 µm) were grown to provide the MFPDs with different gaps and facilitate a study of the damping. Following the thermal oxidation, a 4.2 µm thick photoresist (PR) layer was spun on the wafer as a masking material for the subsequent plasma dry etch (see figure 2(a) ). The PR layer was lithographically patterned to define the supports where thin film membranes will be attached to the substrate. To form the anchor windows, the entire thickness of the SiO 2 film is etched using an inductively coupled plasma (ICP) dry etch. The silicon substrate is over-etched about 0.8-1 µm (see figure 2(b) ). This was done to ensure that there would be no SiO 2 layer between the Si x N y film and silicon substrate under the anchor area. Approximately 0.45 µm thick low-stress silicon nitride film was then deposited by LPCVD. The reaction took place at a chamber pressure of 295 mT and a temperature of 840
• C. A gas ratio of SiCl 2 H 2 to NH 3 of 6:1 was used. At these conditions, the nominal deposition rate is 0.25 µm h −1 (see figure 2(c)). Next a 2.6 µm thick PR layer is spun on the wafer. The PR layer is lithographically patterned to define the thin film beams or MFPD top mirrors. A timed reactive ion etch (RIE) was used to etch through all the Si x N y and purposely etch through approximately 800Å of the SiO 2 layer to help with its removal during the releasing step as shown in figure 2(d) . The devices were released using a 49% HF isotropic wet etch, yielding a freestanding Si x N y MFPD structure as shown in figure 2(e). The etch rate was determined by empirical means using monitor die samples. For example, MFPD cantilever beams with nominal length of 120 µm and a sacrificial layer of approximately 1.9 µm, such as those shown in figure 3(a), were released using a total time of 4 min and 30 s. However, as highlighted in the same figure, this time was not enough to release the 15 µm wide solid MFPD cantilever beam.
Fabrication results
The process described in section 2.1 has been used successfully for the fabrication of MFPD cantilever beams with lengths varying from 85 µm to 175 µm. Figure 3 (a) shows SEM (scanning electron microscope) images of fabricated Si x N y MFPD cantilever beams (120 µm nominal length, ∼2.5 µm air gap) using the process described in section 2.1. It can be noted that the sacrificial layer was completely removed leaving a very planar, smooth and pit-free silicon substrate surface. The SEM micrograph shown in figure 3(b) was obtained from an MFPD anchor support (∼1.5 µm air gap) viewed at 85
• . From this micrograph, we can observe the vertical roughness (0.2-0.5µm peak-to-valley) of the silicon-Si x N y interface and the trapezoidal shape of the anchor (sidewalls forming ∼45
• angle with the vertical plane) caused by the ICP etch process. In addition, because of the steps taken to form the anchor window and the very short time of the releasing process, the high HF concentration did not seem to visibly attack the Si x N y film and the anchor-substrate bond remained strong enough to survive abuse from a probe.
The residual stress of the Si x N y film was measured using a substrate deformation technique. The technique is based on the heights of the initial (δ 0 ) and final (δ 1 ) deflections of the wafer determined from a 1 cm scan (r) on the film side using a surface profilometer. If E S is the Young's modulus of the substrate, ν S is the Poisson's ratio for the substrate, t S is the substrate thickness and t f is the film thickness, the stress can be calculated using the following equation [13] :
Very low tensile stresses were measured (about 380 ± 10 MPa) for this film, the corresponding gradient resulting in a slight upward curvature of the cantilever beams after the release. This curvature results in a variable air gap along the beam. An in-house developed method based on interferograms of the cantilever beam (taken at different wavelengths of light) and the air gap size at the supporting anchor (measured with a profilometer) were used to determine the initial upward curling of the beam as a function of its length. Details on this measurement method will be reported in a future publication. These measurements are used during testing to determine an average location for the light beam spot as measured from the tip (refer to section 4.2). Table 1 summarizes the relevant dimensions and design parameters of the MFPD cantilever beams studied here.
Design and theory
Optical interferometric signal
The optical microcavity of the MFPD corresponds to a FabryPerot in reflectance. Thus, its optical response is given by the reflection spectrum or power reflectance, R, of the top of its surface. The power reflectance is the fraction of the intensity of light being reflected (or normalized irradiance) from the Fabry-Perot structure. In other words, it is the optical signal detected by the photodiode during operation. In modeling the MFPD power reflectance it is assumed that during vibration the deflection of the beam is small enough to consider normal incidence and that the structure is composed of an ideal stack of homogeneous, smooth and parallel layers. It should be noted, however, that this is not necessarily the case since there is a slight upward variation in the static air gap across the length of the cantilever beam (refer to section 2.2). The model presented here can be modified to account for this variable air gap but this modification is not within the scope of this paper. The rigorous theory for the general case of a multilayer stack of films used in this work is based upon a standard boundary value approach. It uses the Fresnel coefficients along with the superposition of electric and magnetic fields to describe the propagation characteristics of each film layer [18] . As the light travels the thickness of each layer, the boundary conditions require that the tangential components of the electromagnetic wave electric field and magnetic field be continuous at each interface of the multilayered structure. The equations of continuity are then related using matrices and the propagation characteristic of each layer is uniquely defined by what is usually called its transfer matrix [13, 18] . The product of the transfer matrices for all the layers makes it possible to relate the incident field to those reflected and transmitted. By assuming in general that the index of refraction is complex, this analysis can be used for the case of absorptive materials under normal incidence. Since the testing of the devices has been performed at normal incidence, the present analysis is confined to only this case.
The multilayer approach provides an analytical and flexible model that can accommodate changes in geometry of the MFPD (refer to figure 1). For this approach, the multilayer structure can be regarded as two thin film layers sandwiched between air and a silicon substrate (bottom mirror). The Si x N y cantilever beam serves as layer 1 (top mirror) and the air gap serves as layer 2. If the thickness t 1 of the silicon nitride film is considered constant across the entire membrane, the propagation characteristic for layer 1 can be defined by the transfer matrix M 1 [13, 18] :
with a propagation constant k 1 given by
where λ is the free space wavelength and n nit is the complex index of refraction for the LPCVD silicon nitride film.
As a result of a harmonic excitation, that is an applied phase signal-Y 0 sin(ωt) on the MFPD substrate (bottom mirror), the cantilever beam (top mirror) moves harmonically with a relative displacement with respect to the substrate equal to δ r sin(ωt). The thickness of layer 2 is then equal to the static air gap h plus the relative harmonic motion of the top mirror. The phase shift on the reflectance of the microcavity introduced by this layer's varying thickness can be expressed as [13] 
where ϕ h is the static phase difference corresponding to the static air gap and it is given by
and ϕ S is the harmonic phase difference introduced by the relative deflection of the beam with respect to the substrate and can be expressed as
with a propagation constant k 2 given by
where n air is the index of refraction for air. The transfer matrix M 2 for layer 2 is therefore given by
Assuming that at the wavelength of interest (λ = 633.2 nm) the Si substrate is thick enough to consider that all light propagating through it gets completely absorbed [18] , the power reflectance at the top surface of the MFPD can be calculated from [13, 18] 
in which the asterisk denotes the complex conjugate and r is the reflection coefficient given by
In the above equation, n Si is the complex index of refraction of silicon and M 11 , M 12 , M 21 and M 22 are the elements of the total transfer matrix M given by
From equations (2), (8) and (9), it can be inferred that R is periodic with period λ/2 and is only a function of the Si x N y layer thickness t 1 and the time-dependent air cavity height, i.e. t 2 = h + δ r sin(wt). The initial air cavity height h is determined by the reflection cycle we choose to operate in and determines the 'MFPD operation point' (refer to section 4.2). The MFPD optical interferometric signal is given by the variation of R in time, and it corresponds to the signal measured at the oscilloscope during operation of the sensor. The modulation of the R in response to a variation in the air gap of the microcavity can be calculated using equation (9) to obtain the 'MFPD optical transfer function' (refer to section 4.2). The MFPD optical transfer function represents the optical transduction of the microcavity and is used to evaluate the sensitivity of the MFPD (refer to section 6.1).
It should be noted that unlike systems that require heavily damped reference optics to provide the reference beam that interferes with the returning beam from the MEMS structure [16] , the response of the MFPD depends only on the interference created within the microstructure itself. Therefore, there is no need for a reference beam. In addition, because the thin film cantilever beam and the substrate are approximately parallel, this two-mirror cavity arrangement needs no sophisticated stabilization techniques.
Theoretical frequency response
The analytical mechanical model considers the MFPD cantilever beam as a continuous vibration system undergoing a harmonic excitation on the substrate equal to Y 0 sin(ωt), where Y 0 and ω are the amplitude and frequency of excitation, respectively. If y(x, t) denotes the absolute displacement of the cantilever beam, the net displacement of the beam with respect to the substrate can be expressed as δ r (x, t) = y(x, t) − Y 0 sin(ωt). Assuming that there is no variation in the beam thickness, and that at static equilibrium the beam is straight and parallel to the substrate, the equation of motion for the forced damped bending vibration of the beam based on the Euler-Bernoulli beam theory is given by [13, 19] 
where ρ is the mass density of the beam (2865 kg m
for Si x N y ), E is the Young's modulus of the beam material (238 GPa for Si x N y [13] ), I = bt 3 1 12 is the moment of inertia of the beam cross-sectional area and A = bt 1 is the cross-sectional area of the cantilever beam. In equation (12), ρAY 0 ω 2 sin(ωt) represents the excitation force per unit length and f (x, t) corresponds to the force per unit length acting on the beam owing to viscous damping which is proportional to the velocity of the body but opposite in direction, i.e.,
where c(x) is known as the coefficient of viscous damping.
For a microsensor such as the MFPD, the airflow force is the most important factor influencing the viscous damping [14, [19] [20] [21] . This force has two mechanisms: force in the narrow gap (squeeze-film damping) and force in the free space (airflow damping) [20] and f (x, t) is calculated by adding these two forces [13, 21] :
where c s (x) is found combining the effects of the release etch holes and the initial curling of the beam on the squeeze-film damping, and c a is the coefficient of airflow damping [13, 21] :
In equations (15) and (16), d 1 and d are parameters related to the dimensions of the etch holes, ε is a parameter related to the initial curling of the beam, ρ air is the density of the air (1.3 kg m −3 ), µ air is the viscosity of the air (1.8 × 10 −5 N s m −2 ) and β is an experimentally determined coefficient equal to ∼5.5 [13, 21] .
Equation (12) can be solved to determine the relative displacement of the beam with respect to the substrate, δ r , as a function of the frequency of excitation, ω, i.e. the analytical MFPD frequency response. The solution to this equation has been obtained using modal analysis, i.e. separating it into temporal and spatial components such that
. Substituting them into equation (12) we obtain [13, 21] 
where
The nth normal mode V n (x) satisfies the free vibration differential equation for a cantilever beam and it is given in [19] . The solution to equation (17) is then [13, 22] 
where ζ n is the non-dimensional total viscous damping factor for the nth mode, φ n is the phase angle for the nth mode and j = √ −1. The ratio of δ r to Y 0 as a function of the driving frequency f represents the 'mechanical transfer function' or mechanical transduction of the MFPD microsensor and it is referred here as the 'MFPD frequency response'.
Finally, in the absence of damping and applied harmonic excitation, the fundamental resonant mode for the MFPD cantilever beam is found by dropping the related terms from equation (12) and solving the corresponding differential equation [13, 22] :
Here, all variable definitions are the same as previously stated except for the addition of the effective moment of inertia I eff and the effective area A eff . The effective moment of inertia and effective area include variations in the stiffness of the cantilever beams due to the presence of the etch holes [13] .
Optical interferometric signal measurement
Experimental setup
Section II of figure 7 shows the optical system used to measure the interferometric back-reflected light from the MFPD structure during vibration. The reflected light is obtained by directing the light beam of a JDS-Uniphase 1122/P He-Ne laser (wavelength λ = 632.8 nm) to the MFPD mounted on a piezoelectric actuator (EDO EC-97). This actuator provides the harmonic displacement excitation on the substrate (refer to section 5.1). A focusing lens (focal length f = 13 cm), a 50%-50% beam splitter and a 10× focusing microscope objective (numerical aperture NA = 0.3) are used to focus the laser beam down to a 15 µm spot at a normal incidence and direct the back-reflected interferometric signal of the vibrating MFPD to an n-type silicon PIN Perkin Elmer C30807 photo detector. The electrical current generated by the photo detector is amplified 104 times using an Ithaco transimpedance amplifier. The schematic for the measurement of the photo detector current is shown in figure 4 . The PIN photo detector is operated in the biased mode with a bias voltage of 9 V. To minimize the distortion and ensure a faithful reproduction of the optical signal, it was assumed that the bandwidth should at least include the content of the second and third harmonics of the highest fundamental frequency being measured. Since the bandwidth of the transimpedance amplifier is greater than 600 kHz at higher input impedances (RI > 1 k in figure 4), which in fact is the case for the combination photo-detector-capacitor-resistance at the input of the photo detection circuit, measurements of the optical signal at frequencies up to 200 kHz (this limit is defined by the excitation signal equipment) can be achieved with minimal distortion and phase change due to the good dynamic response of the amplifier over the operational bandwidth. Since the relative motion of the cantilever beam with respect to the substrate is δ r sin(ωt), the signal measured by the photo detector is observed as a harmonic change in the intensity of the optical response (ac change). Thus, in order to quantify the Figure 7 . Schematic of the test setup for the measurement of the MFPD frequency response. Section I is the mechanical excitation system and section II is the optical measurement system. harmonic motion of the MFPD only the ac component of the optical signal needs to be measured. The photo detector was then ac coupled to the input of the transimpedance amplifier using the high pass filter with a 3 dB cutoff frequency of 1.5 kHz, formed by capacitance C AC and resistor R AC shown in the circuit from figure 4. Thus, measurements below 2 kHz were not made. Figure 5 shows a typical interferometric optical signal measured for the vibrating solid MFPD cantilever beam type A (refer to figure 3(a) and table 1) . The light beam spot was located 5 µm from the tip. Figure 6 shows the dependence of R on the air cavity height (dotted curve) obtained from the measured interferometric signal by fitting it to the ac component of the theoretical power reflectance model given by equation (9) with h, δ r and t 1 as the fitting parameters. This function, called the experimental MFPD optical transfer function, is periodic with period λ/2 and represents the optical transduction of the microcavity. For this case, the fitting procedure indicated that the static air gap height was h = 2.86 µm (dot-dashed line in figure 6 ), the beam thickness was t 1 = 0.4469 µm and the amplitude of the relative displacement corresponded to δ r = 143.8 nm.
Testing results
As mentioned in section 3.1, the static air gap height h defines the MFPD operation point. However, since the air gap height of the cantilever beam varies along its length, the MFPD operation point depends on the location of the light beam spot. As it will be discussed later in section 6.1, the MFPD sensor optical sensitivity is defined as the change in power reflectance per unit relative displacement shift at the operation point. The optical sensitivity is then a maximum if h corresponds to one of the points of maximum slope of the MFPD transfer function (for example, h = 2.84 µm in figure 6 ). Prior to testing (refer to section 2.2), the initial curled shape of each cantilever beam was determined as a function of its length. This function was then used in combination with equation (9) to determine the average location of the light beam spot as measured from the tip. These values were listed in table 1 as the 'average spot location from tip'. In general, the fitted values obtained for h and t 1 were within 0.7% (∼20 nm) and 1.5% (∼7 nm), respectively, of the values listed in table 1. However, it should be noted that the method used to predict the location of the light beam spot depends on how accurate the air gap and the thickness of the cantilever beam can be measured.
From figure 6 it can be inferred that when beam is vibrating harmonically with an amplitude equal to δ r = 143.8 nm, the power reflectance starts oscillating around h = 2.86 µm, tracing the solid line curve. This curve goes from 143.8 nm to the left to 143.8 nm to the right of operation point. If the power reflectance is seen in the time domain, the signal describes the measured periodic signal shown in figure 5 . The lobes in this signal appear because the power reflectance is changing from a maximum to a minimum and back again since it corresponds to a total relative displacement greater than λ/4, i.e. greater than half a period of the transfer function. Because of its nonlinearity, this signal can be uniquely fitted to the ac component of the theoretical power reflectance. This, however, is not true for signals corresponding to relative displacements smaller than λ/4. Therefore, once the experimental MFPD optical transfer function is determined using a sufficiently large signal, it can be used to relate the amplitude of smaller signals to their corresponding air gap height and determine the frequency response of the sensor. Our measurements show that motions of the cantilever beam as small as tenths of nanometers can be resolved using this optical system. These compare to the resolution reported on [14] for a similar interferometric optical interrogation technique.
Frequency response measurements
Experimental setup
Section I of figure 7 shows the mechanical excitation system in relation to the optical system for the measurement of the optical interferometric signal (section II of figure 7 ). The whole system is open loop and the equipment is controlled from a PC via GPIB using Matlab programs. To measure the frequency response of the MFPD, the substrate, i.e. the FabryPerot bottom mirror, is excited by the mechanical system with a sinusoidal harmonic motion at frequencies between 2 and 200 kHz. It consists of a piezoelectric actuation system and a Polytec laser Doppler vibrometer (LDV). The piezoelectric actuation system consists of a piezoelectric actuator that the test chip is mounted on and the electronic equipment needed to drive the actuator with a harmonic excitation. Details of the test chip mounted on the piezoelectric actuator are shown in figure 8 .
The harmonic excitation signal is generated by an HP 3314A function generator. The signal from the function generator is amplified by a Phonix MAX 1500 power amplifier whose impedance is matched to that of the piezoelectric actuator using a Wilcoxon N7 matching network. This signal is then used to drive the piezoelectric actuator which generates a small displacement (∼10 nm of amplitude) in the substrate of the surface-bonded test chip (4 mm × 4 mm in size). The LDV optical head is focused on the substrate area about 20 µm apart from the tip of the MFPD cantilever beam under test to measure the MFPD substrate displacement and, hence, calibrate the mechanical excitation system across the whole range of measurement frequencies.
Experimental frequency response
Once the MFPD sensor is under test, the optical measurement system detects the interferometric optical signal coming from the vibrating Fabry-Perot structure and transforms it into an electrical signal. This electrical signal is then processed to determine the relative deflection of the top mirror with respect to the bottom mirror of the MFPD at the frequency of excitation. The MFPD frequency response is determined by repeating this sequence for the different frequencies in the range of interest. The experimental frequency response of the MFPD cantilever beams listed in table 1 and measured using the technique described above is shown in figure 9(a) . Also shown in this figure are these responses fitted to the analytical vibration mechanical model. The analytical model provides the necessary insight into the MFPD cantilever beam bending sensitivity to the harmonic oscillation of the substrate as a function of the structure's geometry. By fitting the measured data shown in figure 9 (a) to two modes (n = 1, 2) of equation (18), with the resonant frequencies f n and total viscous damping factors ζ n as fitting parameters, their experimental values can be determined. Table 2 shows relevant fitted parameters for all the MFPD cantilever beams included in this paper. Note that the average fundamental frequency for all MFPD cantilever beams shown in figure 9(a) is 43.5 ± 3 kHz. The fundamental resonant frequencies for different types of MFPD cantilever beams with lengths varying from 85 µm to 170 µm calculated using equation (19) have also been compared with the measured values in figure 9 (b). The excellent agreement between the experimental measurements and analytical mechanical model suggests that air viscous damping is the dominant source of dissipation for these structures.
Estimation of sensitivity, noise and temperature dependence
Sensor sensitivity
The operation of the MFPD microsensor is defined by three transduction principles and, hence, depends on three different sensitivities. The first one is the mechanical sensitivity, S M , which relates the mechanical displacement of the substrate to the mechanical deflection of the MFPD cantilever beam relative to the substrate. The second one is the optical sensitivity, S O , which relates the relative mechanical deflection of the membrane to the optical interferometric signal. The third one corresponds to the electrical sensitivity, S E , which relates the optical signal to the electrical signal measured by the photo detection system. The overall sensitivity S corresponds to the reflected optical power modulation expressed in volts per unit shift in substrate motion (volts/unit of displacement) and can be defined as [13] 
The mechanical sensitivity is related to the dimensions of the cantilever beam and the effects of the viscous damping mechanism. It can be defined as the magnitude of the shift in relative displacement of the cantilever beam, dh, per unit shift in substrate motion, dY 0 (unit of displacement/unit of displacement). Hence, it is a measure of the motioninduced change in the optical thickness of the air gap. The mechanical sensitivity can be directly calculated from the MFPD mechanical transfer function (refer to section 3.2) for a given frequency f 0 , i.e.,
The MFPD optical sensitivity describes the sensitivity of the Fabry-Perot interferometer to measure dh. It is related to the material, the thickness of the top mirror and the optimal selection of the static air gap height. It is therefore limited by considerations such as film thickness uniformity, stress-induced initial curvature and mirror's surface finish. The optical sensitivity can be defined as the change in power reflectance dR per unit relative displacement shift dh (arbitrary units of reflectance (a.u.R.)/unit of displacement). Consequently, for a given h, it can be directly calculated from the MFPD optical transfer function as [13] 
For the MFPD cantilever beam type A, the maximum optical sensitivity occurs at h ≈ 2.84 µm (refer to section 4.2, figure 6 ) and it corresponds to S O = 2.736 a.u.R. µm −1 . At the measured operation point (h ≈ 2.86 µm), the optical sensitivity is equal to S O = 2.539 a.u.R. µm −1 . The electrical sensitivity depends on the electro-optical detection system used and it is related to the total optical power incident in the photo detector. As indicated in section 4.2, the MFPD optical transfer function is not linear. Hence, a change in reflectance of the MFPD depends on the location of the operation point h and on whether the beam is moving up or down. However, if the point of operation is chosen appropriately and the relative displacement is small enough, the electrical sensitivity can be defined as the change in peak-to-peak voltage per change in peak-to-peak power reflectance (V/a.u.R.). For the set of cantilever beams studied in this paper, the electrical sensitivity was determined to be approximately S E = 0.14 V/a.u.R. [13] . The overall sensitivity for the MFPD cantilever beam type A has been plotted in figure 10 in units of milivolts per nanometer. In this figure, we can clearly identify three regions of differing sensitivity. Below resonance (region I) the MFPD microsensor behaves like an accelerometer, thus higher amplitudes of excitation can be detected but at the cost of a very poor sensitivity. Around resonance (region II), the sensitivity of the MFPD increases with the maximum sensitivity occurring at the resonant peak after which it rolls off. In this region, smaller displacements can be detected but the performance of the device will be limited by its measurement resolution (refer to section 6.3). Finally, well above resonance (region III) the MFPD sensitivity tends to a constant flat value (≈ 0.6 mV nm −1 for MFPD type A) and the sensor behaves like a seismometer. It can then be inferred that along with factors such as adequate selection of the material and thickness of the optical layers, the overall sensitivity of the MFPD depends on its frequency of operation and its sensing application.
Sensor noise
The main sources of noise floor in this system are the laser noise, the photo detector noise, the detection circuit noise and the cantilever beam thermal-mechanical noise. Assuming a constant distribution in frequency (white noise), the maximum noise current introduced by the laser was calculated to be i L ≈ 2.056×10 −12 A(rms) Hz −1/2 for a frequency bandwidth f . The main sources of noise in the photo detector are the thermal or Johnson noise, shot noise and flicker noise (a/f noise or 'pink noise'). These noises are independent of each other and in this case the thermal and shot noise were calculated to be i J ≈ 1.7 × 10 −13 A(rms) Hz −1/2 and i sh ≈ 1.28 × 10 −12 A(rms) Hz −1/2 , respectively. The flicker noise is usually attributed to manufacturing noise mechanisms or device surface. Unlike the thermal and shot noises, this noise has a 1/f spectral density and may dominate only when the bandwidth of interest contains frequencies less than about 1 kHz, which is not our case. The detection circuit noise is dominated by the Johnson noise on the feedback resistor of the transimpedance amplifier and for a temperature of 22
• C corresponds to i RF ≈ 1.276 × 10 −12 A(rms) Hz −1/2 . The total noise current is then given by the root of the sum of the square of the rms noise currents [13] :
Using the electrical sensitivity and optical displacement sensitivity found for solid MFPD cantilever beam type A at its operation point h = 2.86 µm (R E = 0.14 (V/a.u.R) and R O = 2.54 (a.u.R µm −1 ), respectively, refer to section 6.1), the current noise is equivalent to an amplitude of the relative displacement of δ c = 0.397 × 10 −13 m Hz −1/2 . The cantilever beam thermal-mechanical noise (i.e., the thermal motion of the air molecules surrounding the MFPD) was calculated assuming that the cantilever beam is not heavily damped (ζ < 1) and that the noise bandwidth is small ( f f 1 , f 1 is the natural resonant frequency in the first mode of vibration). Hence, the root-mean-square displacement at the tip of a cantilever beam of length L due to thermal noise in a frequency range of f can be approximated by [13, 23] 
where ω n are the natural resonant frequencies given by equation, φ 2 n (L) is the square of the nth normal mode evaluated at x = L (refer to section 3.2), c n is the modal damping given by (25) where c eff is the total viscous damping coefficient which for our case is evaluated at the natural resonant frequency and it is given by equation (19), m n is the modal mass given by
and finally f = ω 2π
. The displacement due to thermalmechanical noise is given by the square root of equation (26) and it corresponds to δ th ≈ 1.39 × 10 −10 m Hz −1/2 for the solid MFPD cantilever beam type A calculated at its fundamental resonant frequency and for the specified testing conditions. These calculations are discussed in detail in [13] and imply that thermal-mechanical noise dominates the noise floor of the MFPD microsensor system. Therefore, the ultimate performance of the MFPD sensor system is based on the intrinsic noise floor of the device itself. Thermalmechanical noise has been studied extensively with respect to cantilever beams. The values obtained here are comparable to the thermal-mechanical noise reported by [23] for a nitride cantilever beam of length, width, thickness and density equal to 204 µm, 20 µm, 0.42 µm and 3400 kg m −3 , respectively. The reported value of the quality factor, Q, in their case was 6, i.e. a viscous damping factor of ζ 1 ≈ 0.1 and this value is also comparable to the viscous damping factor of ζ 1 = 0.18 obtained for the MFPD cantilever beam type A. In contrast, this mechanical thermal noise is much higher than the one reported by [14] for gold microbridges clamped on both ends that have an approximate thickness of 1.2 µm, a width of 45 µm, a length of 200 µm and a cavity height of ≈11.1 µm, which is on the order of 6 × 10 −14 m Hz −1/2 . Nevertheless, the latter value of thermal-mechanical noise is reasonable as this device has a much larger cavity height, thus making it very lightly damped.
Using the equivalent noise displacement of the detection system and the thermal-mechanical displacement noise, the total noise floor in terms of relative displacement of the solid MFPD cantilever beam type A per square root of Hertz
Sensor measurement resolution
The final resolution of the MFPD depends on the minimum displacement that the system is able to detect. This limit is expressed in terms of the smallest displacement that can be detected if the signal-to-noise ratio (SNR) is unity. This smallest displacement is known as the minimum detectable displacement (MDD). The noise floor calculated in section 6.2 can be used to evaluate the SNR as
Setting the SNR equal to 1, the MDD can be evaluated from
This value is approximately the same as the one obtained from experimental results shown in figures 5, 6 and 9(a) for an MFPD cantilever beam type A. This value can be decreased when the device is working at the point of maximum sensitivity. In this case, the MDD for an MFPD cantilever beam type A will be approximately equal to 0.079 nm Hz −1/2 . Equations (27) and (29) infer that for sensor systems such as the MFPD the ultimate resolution and, hence, the minimum detectable displacement of the device is limited by the noise floor of the sensor system [13, 14, 23] . Three parameters of the MFPD cantilever beam determine the thermal-mechanical noise: the viscous damping coefficient c n , the mass of the cantilever (related to the stiffness) m n and the natural resonant frequencies ω n . In addition, the design parameters of the MFPD depend on the nature of the measurand that one is aiming to sense. Finally, increasing the stiffness or decreasing the damping reduces the thermal-mechanical noise but may decrease the overall sensitivity of the MFPD.
Sensor temperature dependence
The main mechanisms leading to temperature dependence of the MFPD frequency response are mainly due to (1) shift of the resonant frequency of the cantilever beam arising from the variation of the Young's modulus, density and coefficient of thermal expansion of the Si x N y film, (2) variation of the takeoff angle of the beam curling due to induced uniform stress, (3) variation of the viscous damping coefficient due to variation of the density and the viscosity of the air and (4) changes of the optical path lengths due to the coupled thermal-optical and photo-elastic effects. In the following, the temperature dependence of the MFPD cantilever beam type A (refer to figure 3(a) , table 1) in the temperature range between 21
• C and 600
• C will be discussed. From equation (19) , the fundamental undamped resonant frequency of the MFPD cantilever beam depends on E, ρ, L and h which are all temperature dependent. For a solid cantilever such as the MFPD type A where I eff = bt 3 1 12 and A eff = bt 1 , the temperature coefficient of the fundamental resonant frequency, K, can be calculated differentiating equation (19) with respect to the absolute temperature T and dividing by equation (19) . Assuming that the coefficient of thermal expansion (CTE) is the same for both the x-and y-axis, the temperature coefficient of the fundamental resonant frequency is given by [24] correspond to the temperature coefficient of the Young's modulus and the density of the thin film, respectively, and α corresponds to CTE of the film. The temperature coefficient of the density of the film is related to the coefficient of thermal expansion as
Hence, equation (30) can be rewritten as
Equation (32) shows that K is independent of the cantilever length, L. If the undamped resonant frequency ω 1 (T 0 ) of the MFPD is known at a certain temperature T 0 , the undamped resonant frequency ω 1 (T ) at a temperature T can be calculated as
For Si x N y , both α and E vary with temperature. Reported data show that their variation can be approximated by the following expressions [13] :
where T is given in (
and E in (GPa). Using equations (32)-(35), a variation of temperature from T 0 = 21
• C to T = 600 • C produces a drift in the fundamental resonant frequency of the MFPD cantilever beam type A of about 5.1% (2.3 kHz). Although this temperature dependence is much less than the 20% drift reported for bridges [7] , it needs to be compensated if the sensor is exposed to high temperatures.
Since there is no constraint in the MFPD cantilever beam free edge, there is a relief of residual stress as the beam changes in length due to a change in temperature. This effect causes a variation in the take-off angle, θ, formed between the portion of the film that forms the cantilever and the x-axis after it is released. The total take-off angle is the superposition θ 0 and θ 1 , caused by mean stress σ 0 and the stress gradient σ 1 , respectively [25] . Empirical formulae for these angles were found in [25] and are given by
where ν nit = 0.28 is the Poisson's ratio of the Si x N y film, the thickness of the beam, t 1 , has units of µm. The gradient stress causes an out-of-plane deflection with a constant radius of curvature R c and its mean value is given by σ 1 = Et 1 /2R c . As mentioned in section 2.2, profiles of the cantilevers were measured through interferometric profilometry. For the case of the MFPD cantilever beam type A depicted in figure 3(a) , the take-off angle was determined to be θ = 5.7 mrad and 1/2R = 49.96 m −1 . With these values, the peak gradient stress is equal to σ 1 = 5.3 MPa and the angle calculated with equation (37) becomes θ 1 = 0.018 mrad. Hence, the take-off angle of the MFPD cantilever beam is mainly caused by the relief of the residual mean stress. The change in residual mean stress induced by the differential thermal expansion between the Si substrate and the Si x N y film can be expressed as
where α Si is the temperature-dependent coefficient of thermal expansion of silicon [13] :
Using equations (34), (36), (38) and (39) and neglecting the effects of the stress gradient, a variation of temperature from
• C produces a variation in the takeoff angle of the MFPD cantilever type A of −0.38 mrad. This change decreases in the air gap height at the light spot location by about 43 nm and produces a variation of the point of operation, h, of about 1.3%. This variation corresponds to a decrease in the sensor's optical sensitivity of 0.27 a.u.R. µm −1 (refer to section 6.1). However, if the temperature of operation of the sensor is known this effect can be corrected for.
Another mechanism that leads to temperature dependence of the sensor is the air viscous damping. As described in section 3.2, the air viscous damping is dependent on the viscosity and the density of the air both of which are dependent on temperature. The viscosity of the air µ air (given in centipoises) as a function of temperature can be calculated using the Sutherland's formula [26] :
where a = 0.555T 0 + C, b = 0.555T + C, T is the input temperature in degrees Rankine, T 0 is the reference temperature in degrees Rankine and C = 120 is the Sutherland's constant for air. According to the Clapeyron equation, the density of air is
where R = 287.05 (J (kg K) −1 ) is the gas constant for dry air, P is the pressure in Pascals (Pa), and T is the temperature in degrees Kelvin. Introducing equations (40) and (41) into (15) and (16) , the total viscous damping coefficient as a function of temperature can be calculated. Figure 11 shows the variation of the air viscous damping as a function of temperature calculated at a pressure of 14.7 psi for the first two modes of vibration. It can be seen from the figure that the variation in viscous damping for a change in temperature of 579
• C is around 0.14. This corresponds to a decrease in relative displacement of δ r /Y 0 ≈ 2 around the fundamental resonant frequency and consequently a decrease in overall sensitivity around region II in figure 10 .
Finally, the variation of the optical path length, (nt), resulting from the change of index of refraction and the thickness of the Si x N y layer due to the effects of temperature can be expressed as [27] (nt) = t n + n t = t ∂n ∂T P T + ∂n ∂P T P
or,
(nt) = t ∂n ∂T P T + n(σ ) + n[tα T + t (σ )]
where σ is the stress in the layer, ∂n ∂T σ is the thermaloptical coefficient, n(σ ) is the photo-elastic (stress-optic) coefficient, α is the CTE and t (σ ) represents the thickness variation due to thermal stress. The photo-elastic effect is generally small compared with the thermal-optical effect [27] . Since the MFPD is a single layer cantilever structure, the variation of thickness due to thermal stress, t (σ ), can also be neglected. Hence,
For most materials, the thermal-optical coefficient has not been measured. Moreover, the available data are mostly for wavelengths within the infrared range (1460-1620 nm) [27] . However, based on data reported for dielectric films such as Ta 2 O 5 and SiO 2 , the thermal-optical coefficient at λ = 1550 nm is on the order of 10 −6 • C −1 . The CTE for Si x N y is 3.8 × 10 −6 • C −1 (the variation of the CTE with temperature is not being considered), and the index of refraction of Si x N y is 2.07 at λ = 632.8 nm [13] . Hence, for a film thickness of 0.45 µm, a variation of temperature of T = 577
• C corresponds to a variation of the optical path length of approximately (nt) = 2.27 nm. Figure 12 shows the comparison of the optical transfer function of the MFPD at the two considered temperatures. We can observe that the effect of the temperature is less significant if the point of operation is close to the point of maximum sensitivity (refer to section 4.2). • C and 600
• C.
Conclusions
In conclusion, we have reported on the full optical and mechanical characterization of a micromachined Fabry-Perot device used as a vibration sensor and suitable for hightemperature applications. The analysis of the measured frequency response of the MFPD cantilever beams shows extremely good agreement between the experimental results and the mechanical theory. Hence, it confirms that squeezefilm damping and airflow damping may indeed be the dominant source of dissipation for these structures. In addition, compared to standard interferometric techniques for the measurement of displacement (e.g., stroboscopic and laser Doppler interferometers), the MFPD sensor needs neither a reference arm nor sophisticated stabilization techniques. Figures 5, 6 and 10 showed that the power reflectance of the MFPD is a very sensitive measure of the air gap height. We have also shown that thermal-mechanical noise sets the ultimate noise floor for the minimum relative displacement of the cantilever beam with respect to the substrate that can be measured with the MFPD. Using the solid MFPD cantilever beam type A, for example, relative displacements as small as 0.139 nm Hz −1/2 were measured. Various factors, including the variation of the effective stiffness, variation of the take-off angle of the beam due to induced residual mean stress, variation in density and viscosity of the air, and variation of the optical path length due to photo-elastic and thermal-optical effects, have been considered to evaluate the temperature dependence of the sensor. The results show that for high-temperature operation the sensitivity of the MFPD sensor is mainly influenced by the effects of the thermally induced stress and the air viscous damping. Thermally induced stress can shift the operation point of the sensor, thus affecting the optical sensitivity, but it has a small effect on the variation of the optical path length. The significant effect that the temperature has on the air viscous damping reduces the overall sensitivity of the sensor, especially in regions around the fundamental resonant frequency. However, if the temperature is known, both of these effects can be compensated. A temperature-controlled sensor chamber is being designed to measure the effect of temperature in the frequency response of the MFPD cantilever beam at high temperatures.
The small size of the sensor, the materials in which it can be built and its simple construction make it suitable for onchip integration and ideal for high-temperature applications.
Though the optical detection of the frequency response of the MFPD cantilever beam has been implemented for a bare sensor, our experimental results demonstrate the accuracy of the optical interferometric readout on the determination of the frequency response of any freestanding micromechanical device at the wafer level. Indeed, the very simple configuration offered by this optical interferometric system is being considered in the future for integration in the sensor package.
